The spatial and temporal distribution of Potato virus S (PVS) and Potato virus X (PVX) was studied in two trials within each of four commercial fields of seed potato var. Russet Burbank in Tasmania, Australia. In the first trial (plots) 20 leaflets were collected from each of 49 plots (each approximately 8 m wide by 10 m long), with plots arranged in a 7-×-7 lattice. In the second trial (transects), leaflets were collected at 1-m intervals along seven adjacent, 50-m long rows. The mean incidence of PVS increased during the season by 5.2% in one of four plot trials and 25.5% in one of four transect trials. The mean incidence of PVX increased during the season by 10.1%, in one of two transect trials. Spatial Analysis by Distance IndicEs and ordinary runs analysis detected aggregation of PVS infected plants early in the season in one and two fields respectively, suggesting transmission during seed-cutting or during planting. An increase in PVS incidence mid-to late season in one field was associated with aggregation of PVS along, but not across rows, which may be related to the closer plant spacing within rows and hence increased potential for mechanical transmission along rows. Results suggested limited spread of PVS and PVX occurred within crops during the season.
Introduction
Approximately 26% of the Australian potato (Solanum tuberosum L.) crop, equating to 350,000 metric tonnes, is produced in Tasmania annually (1) . The Tasmanian seed potato industry has remained relatively virus free due to geographic isolation and a seed potato certification scheme, which was introduced in the 1930s. However two viruses, Potato virus S (Genus Carlavirus; PVS) and Potato virus X (Genus Potexvirus; PVX), were recently found in seed potato crops in Tasmania. Both viruses are prevalent in potato growing regions around the world (25) and have been reported in other states of Australia (30) . In other countries, PVS and PVX have been associated with yield losses of up to 20% (25) .
Production of seed potato in Tasmania involves planting of minitubers and growing seed crops over four subsequent seasons or "generations" (G1 to G4) to produce sufficient seed tubers for ware production. Each generation is visually inspected during the season and certified if disease incidence is below set thresholds. However under field conditions, PVS and PVX produce only mild symptoms and because no laboratory testing is conducted for these viruses as part of the certification scheme in Tasmania, virus incidence can increase undetected within each generation of seed potato.
Research in other countries has shown PVS and PVX to be spread predominately by mechanical transmission, e.g., during seed cutting operations (12, 17) by contact between plants or from machinery movement within the crop (3, 6, 14, 20) . In addition, some strains of PVS are transmitted in a non-persistent manner by some aphid species (29) . Weed hosts could also serve as a source of inoculum for PVS and PVX. The host range of PVS includes solanaceous and some non-solanaceous species such as Chenopodium quinoa L. and C. amaranticolor L. (6) , while PVX has a limited host range constrained to solanaceous species such as Solanum nigrum L., S. tuberosum L., Nicotiana spp., Petunia hybrida L., Datura stramonium L., Cyphomandra betacea (Cav.) Sendt., and Lycopersicon esculentum Mill. (6) .
The objectives of this study were to provide information on the epidemiology of PVS and PVX in Tasmania by (i) quantifying spatial patterns of PVS and PVX infected plants during crop development; (ii) characterizing the temporal progression of PVS and PVX epidemics; (iii) quantifying the spatiotemporal relationships between infected plants at successive time periods; (iv) assessing the role of weeds as alternative virus hosts for PVS and PVX; and (v) determining the role of aphids in transmission of PVS. Information from this study will assist the Tasmanian potato industry in the development of costeffective strategies for control of these viruses.
Field Sites and Data Collection for Spatial Analyses
Two trials ("plots" and "transects") were established in each of four commercial fields of seed potato var. Russet Burbank over two years. Plot trials consisted of 49 plots, with plots arranged in a 7-×-7 lattice. Twenty leaflets were collected at random from each plot at each sampling time and tested for virus (below). Transect trials consisted of seven adjacent rows, each 50 m long. At each sampling time, one leaflet was collected at 1-m intervals along each row and tested for virus (below).
In 2003, two fields (fields 1 and 2) were located at Riana (UTM coordinate 55G 414798 5434841) in Tasmania. were established in each field as described above. Leaflets for virus testing were collected from field 3 at 31 and 107 DAP and at field 4 at 30, 54 and 105 DAP. Commercial recommendations were followed for planting, fertilizer application and weed control at all fields. Irrigation water was applied by traveling gun-type irrigator at field 1 and 4 and by solid set sprinklers at fields 2 and 3.
Virus Testing
For virus testing, approximately 0.1 g of each leaflet was homogenized in a rotary leaf press in 1.0 ml of 0.01M phosphate-buffered saline (pH 7.4) containing polyvinylpyrrolidone (MW 40,000; 20 g/liter), bovine serum albumin (2.0 g/liter) and Tween 20 (20 ml/liter). Sap extracts (100 µl) were tested for the presence of PVS and PVX by double antibody sandwich immunosorbent assay (DAS-ELISA) (7) using polyclonal antisera (Agdia Inc., Elkart, IN) in 96-well polystyrene microtitre plates (Nunc). Absorbance at 405 nm was recorded for each well using a Titertek photometer (Flow Laboratories, Helsinki, Finland). Samples were considered positive if absorbance was greater than the mean absorbance of the negative controls plus three times the standard deviation of the buffer only (26) .
Virus Incidence
The Score interval method (28) was used to calculate lower and upper 95% binomial confidence limits on the mean virus incidence at each assessment time.
No change was detected in the incidence of PVS in plots or transects of fields 1 or 2, with the 95% CI's around the mean incidence overlapping at each sample time (Table 1 ). An increase in incidence of PVS was detected in plots (but not transects) of field 3 (5.2%) and in transects (25.5%), but not plots, of field 4 ( Table 1) . PVX was not detected in plots and transects of field 1 early in the season. Later in the season a trace amount (0.1%) of PVX was detected in plots of field 1, but not in transects (Table 1) . Similarly in plots and transects of field 4, no PVX was detected throughout the season (Table 1) . In field 2, no increase in PVX was detected in plots or transects, while in field 3, there was no increase in plots, but an increase of 10.1% in the transects (Table 1 ). 
Spatial Analysis
Spatial patterns were depicted using geostatistical-based techniques. In transects spatial analysis was conducted by ordinary runs analysis (19) and on virus incidence in plots by Spatial Analysis by Distance IndicEs (SADIE Version 1.22) (23). Analysis was conducted only when virus incidence was greater than 5% and less than 95%. For ordinary runs analysis a "run" was defined as a succession of one or more like events (i.e., infected or uninfected plants). A non random distribution of infected plants was concluded (P = 0.05) if the Z-statistic calculated according to (19) , was less than -1.64. Runs were assessed by joining plants both along and across rows, to test for aggregation in both directions. SADIE has been described previously (21, 22, 23, 24, 32) . Briefly, SADIE uses a transportation algorithm, to calculate the shortest distances required to move spatially referenced data to obtain both 'regular' and 'crowded' spatial patterns. The overall distances required for these moves are then summed and compared to random simulations based on re-sampling of the diseased measure locations. All simulations used the maximum number of randomizations, 5967. Deviation of the index of aggregation (I a ), the ratio of the expected and observed distances to regularity, from the null hypothesis of no spatial dependence was assessed by
Temporal associations in spatial patterns between two consecutive sampling times were analysed using the Association Extension of SADIE (Version 1.22) (31). Overall association (X) was calculated as the mean of individual local associations between the clustering indices, which estimate the net distance individuals are required to move to achieve regularity. Significance of X was tested by the maximum number of randomizations of the local association values, allowing for small-scale autocorrelation with the Dutilleul adjustment, using a two-tailed test. The null hypothesis of no association was used (31) .
Spatial analysis of PVS incidence by SADIE detected a random spatial pattern of infected plants in plots in fields 1 and 3 and an aggregated spatial pattern at all times in field 4 ( Table 2 ). Ordinary runs analysis of transects demonstrated aggregation of PVS infected plants along (but not across) rows at early and late season in field 1, and aggregation across (but not along) rows at early season in field 3 ( Table 2 ). In field 4, ordinary runs analysis detected aggregation along rows at early, mid and late season and across rows at early and mid-season. The incidence of PVX was sufficient for analysis (> 5% incidence) by SADIE only in plots of field 2 and by ordinary runs analysis in transects of fields 2 and 3. A random distribution of PVX infected plants was detected by SADIE in plots and along and across rows in transects by ordinary runs analysis in fields 2 and 3 at all times (Table 2 ).
Significant spatial association was detected between the distribution of PVS infected plants at 30 and 54 DAP (X = 0.376; P = 0.006) and 54 and 105 DAP (X = 0.384; P = 0.007) in field 4. However, no significant spatial association was detected in spatial distribution of virus infected plants in plots between time periods at other fields (data not shown). Table 2 . Spatial analysis of the incidence of Potato virus S (PVS) and Potato virus X (PVX) in plot and transect trials within four fields of seed potato using Spatial Analysis by Distance IndicEs (SADIE) and ordinary runs analyses for plot and transect trials respectively. w I a is the index of aggregation.
x Z-statistic less than -1.64 indicates non random distribution of infected plants either along or across rows. y ns (not significant), * (P ≤ 0.05), ** (P ≤ 0.01) z Not analyzed due to virus incidence being too low (<5%) for spatial analysis.
Prevalence and Incidence of PVS and PVX in Weeds
The prevalence and incidence of both viruses in weeds were assessed at each field. Leaf samples from weeds within plots and at edges of each field were tested for PVS and PVX by DAS-ELISA (described above). Leaflets were collected from fields 1, 3, and 4 at 130, 107 and 105 DAP, respectively, and from field 2 at 77 and 133 DAP.
In field 
Aphids
To monitor flights of alatae (winged) aphids, two yellow sticky aphid traps International, Victoria, Australia). Aphids were identified to species using keys (5) and by comparison with type specimens held in the insect collection at the Department of Primary Industries, Water, New Town, Tasmania. Small numbers of aphids were trapped, mostly late in the development of the potato crops. In field 1, Aphis gossypii Glover (melon/cotton aphid) occurred on traps retrieved on 10 March (n = 1), 1 April (n = 1), and 7 April 2004 (n = 2) and Macrosiphum euphorbiae Thomas (potato aphid) occurred on traps retrieved on 7 April 2004 (n = 1). In field 2, A. gossypii occurred on traps retrieved on 17 March (n = 2) and 7 April 2004 (n = 28), respectively. No aphids were detected on traps in field 3. In field 4, a single M. euphorbiae was trapped on 3 March 2005.
Summary
Limited increase in incidence of PVS and PVX was detected in Tasmanian seed potato crops during the growing seasons. An increase in the incidence of PVS was detected in only one of the four plot trials (5.2% at field 3) and one of the four transect trials (25.5% at field 4). Similarly no significant increase in PVX incidence was detected in any of the three plot trials where PVX was detected and only one of the two transect trials (10.1% at field 3). In those trials in which PVX was not detected early in the season, either none or only trace amounts of PVX were detected late in the season, suggesting no transmission from external sources.
Spatial analyses of PVS incidence in plots in fields 1 and 3 by SADIE suggested a random distribution at planting throughout the season. This distribution was indicative of the planting of infected tubers, with no evidence of further spread during the season. However, aggregation along rows was detected by ordinary runs analysis in field 1, indicating some mechanical transmission of PVS between tubers at planting, as no further increase in incidence of PVS was detected during the season. In field 4, SADIE detected aggregation at all times and ordinary runs analysis detected aggregation along and across rows at early and mid season, but only along rows at late season. Aggregation of infected tubers at planting may result from the planting of seed from particular bins that had been harvested from areas of high virus incidence the previous season, or virus transmission between tubers within particular bins by seed cutting prior to planting or by mechanical transmission during handling and planting. Sprouts can contain high virus concentrations (12) and may be damaged during planting operations, increasing the potential for transmission between tubers at this time. The aggregation of PVS infected plants in transects of field 4 along, but not across rows, later in the season coincided with an increase in virus incidence and suggested mechanical transmission predominately along rows. This may reflect the closer spacing of plants along rows compared to across rows, leading to plants contacting each other along rows earlier in the season and therefore providing more opportunity for mechanical transmission in comparison to plants across rows.
The increase of PVS in transects, but not in plots in field 4 may have resulted from the former having a higher virus incidence and therefore increased opportunity for transmission between plants than the latter. In addition, transects were located at the field edge, while the plots were within the potato field. No traffic occurred along the field edge bordering transects to facilitate virus transmission. However, transects at the field edge may have been more exposed to wind damage than plots, with consequently more opportunity for mechanical transmission. Although aphids can preferentially alight at field edges, leading to a higher virus incidence at edges (9), aphid trapping did not suggest the presence of known aphid vectors at any of the fields.
For PVX, random distributions were detected at all times in field 2 by both spatial analyses methods and in field 3 by ordinary runs analysis. As PVX is transmitted only by mechanical means (6), any increase in incidence might have been expected to occur between adjacent plants, forming an aggregated distribution. Alternative means of transmission of PVX have been documented, such as by chewing insects (4), which might account for the random distribution following spread in transects at field 3.
Limited increase in the incidence of PVS and PVX in Tasmanian fields is unlike the findings of many overseas studies (8, 10, 11, 13, 15) . However, direct comparison with these studies is difficult. Virus testing methods have improved greatly since some studies were conducted, and agronomic methods have changed considerably and differ between countries. In older trials, there were often considerable mechanical operations through the crop for weed control, moulding of rows, application of pesticides by ground equipment and the use of planting equipment with metal spikes to plant seed pieces. These agronomic operations may have led to significant mechanical virus transmission. By contrast, in the four fields studied in Tasmania, minimal traffic occurred through the crops with no moulding of rows, the use of aerial spraying, the use of irrigation via solid set sprinklers or traveling irrigators with wide laneways and the use of cup-type planters. These agronomic operations may have minimized mechanical virus transmission. In some trials, viruliferous aphids have been implicated as a significant cause of reinfection of seed potato with PVS (15), while in others mechanical transmission has been considered more important (10) . In our trials, no known aphid vectors of PVS were detected on traps, and the minimal spread of PVS in all but field 4, suggested aphids did not contribute to transmission.
Although limited studies have been conducted, weeds have not been found to be important sources of PVS (16, 27) . Serological testing in this study indicated PVS to occur infrequently in some weeds in the fields studied. Several weeds have been shown to be sources of PVX in overseas studies (2, 18) , however PVX was not detected in weeds in our study. These results suggest that weeds were unlikely to be a major source of inoculum in the particular fields studied. Further evidence for limited external sources of PVS inoculum is gained from the significant spatiotemporal association of PVS infected plants between time periods.
We have been able to demonstrate that limited increase in the incidence of PVS and PVX occurs in seed potato fields in Tasmania, indicating that agronomic practices in Tasmania are effective in minimizing transmission of PVS and PVX during the growing season. Furthermore in the four fields studied, weed hosts appeared unimportant in the epidemiology of PVS and PVX, with no suggestion of aphid transmission of PVS.
